This paper presents a mathematical model and numerical analysis of the convective drying process of small particles of potatoes slowly moving through the flow of a drying agent -hot moist air. The drying process was analyzed in the form of a one-dimensional thin layer. The mathematical model of the drying process is a system of two ordinary non-linear differential equations with constant coefficients and an equation with a transcendent character. The appropriate boundary conditions of the mathematical model were given. The presented model is suitable in the auto
Introduction
The drying process is a complex process of heat and mass transfer resulting in a direct transfer of humidity from some substance into hot moist air. The heat transfer, necessary for that process, can be direct, convective from the drying agent which flows around the drying material, or indirect, by different procedures. This paper considers the procedure of convective drying of potatoes and also other vegetables, fruits, medical herbs and similar agricultural products in a conveyor-belt dryer using moist air as the drying agent.
The need for drying of different types of natural agricultural products is extremely wide. For centuries, drying has been a widely used method for the preservation of food for long periods. Dried food is resistant to the influence of mould and bacteria and at the same time it retains its biological and nutritional values.
Analysis of phenomena occurring in the "elemental-thin" layer during the drying process is the base for the complex analyses of the mass and heat transfer inside the moist material. Based on these results it is possible to define the drying kinetics for a specific material.
A lot of work has been dedicated to this problem. Many analytical models based on numerical methods have been presented. In [1, 2] , a non-linear partial differential equation was solved numerically and a linear correlation was considered between the thickness of the material and its moisture content. In [3, 4] , the importance of internal and external heat transfers in a contact dryer was highlighted. A numerical model for conveyor-dryer solved by a finite-volume method was presented in [5] [6] [7] . In [8] , a 1-D mathematical model describing heat and mass transfer during drying of a packed bed of porous particles with superheated steam and humid air was presented. In [9] the governing partial differential equations were transformed into a non-similar form by using a special transformation, and then the resulting partial differential equations were solved numerically by using an implicit finite difference method.
Previous experimental and theoretical researches have focused on the convective drying process, especially for drying particles of natural materials. They belong to the class of capillary-porous materials and are the most complex for research. Some of the obtained results have been presented in [10] [11] [12] [13] [14] [15] .
The aim of this work is to present and solve the mathematical model in an original way, in order to define the essential drying parameters of a movable thin layer of potatoes which could be used for the drying kinetics of potatoes and similar natural products on a conveyor-belt dryer. In that way, the desirable final moisture content can be achieved. Application of the presented model is suitable from the viewpoint of automated control.
Problem formulation
The whole process occurs in the conveyor-belt dryer, which is separated into several segments. In order to provide the necessary flow and temperature of the drying agent, each segment has its own belt conveyor, fan and heater for the drying agent. The velocity of belt conveyors in each segment is different. The schematic view of the first segment of the analyzed conveyor-belt dryer is presented on fig. 1 . It consists of a belt transporter for small particles of moist material slowly moving through the flow of the drying agent. Preheated moist air with exactly defined characteristics is the drying agent. The drying agent flows through the belt conveyor, perpendicularly to the moving direction of the moist material.
The mathematical model of the drying process of the "thin layer" of moist potato was developed in the form of four non-linear partial differential equations with constant coefficients. Additionally, one equation of a transcendent character is included. The following assumptions were accepted. -The velocity of the drying agent in the direction of co-ordinate axes h is negligibly small. Convection laws are used for heat and moisture transfer between the surface layer of the material and the drying agent. Dalton's law is used for moisture transfer and Newton's law is used for heat transfer [16] . The surface moisture flux according to Dalton's law is:
The surface heat flux according to Newton's law is:
Having in mind that the drying agent and vapor are in the gas phase, it is more common to use the difference between the partial pressure of vapor on the material surface and the partial pressure of vapor of the drying agent, eq. (1), instead of the difference between mass participations of vapor on the material surface and the drying agent. Based on the results presented in [17] , the following expressions are used for mass (moisture) transfer coefficient b and heat transfer coefficient a:
The amount of delivered moisture from the material surface is given as:
The amount of delivered heat of the drying agent on the material surface is given as:
These expressions are also the base for analysis of the drying process of thick layer materials.
The mathematical model of the "thin layer" drying process is a system of two non-linear ordinary differential equations with constant coefficients and additionally one equation of a transcendent character. The model based on [18] was improved [19] in order to obtain appropriate drying kinetics of potatoes. This mathematical model has the following form: 
As far as it's known, eqs. (7)- (9) can be only solved numerically.
The system of equations defines changes of humidity (x m ) and temperature (q m ) of the moist material, and the values of partial pressure of water vapor (p wvs ) on the product surface, in dependence on the co-ordinate (h) which determines the position of the particle in the drier. The boundary conditions for this system of equations are:
The boundary contour for which the system of eqs. (7)- (9) is valid, with boundary conditions eqs. (10)- (12), is a rectangle with the length (L), equal to the length of the conveyor segment, and height (h), equal to the height of the "thin layer" on the conveyor (h = 10 mm), which is presented on fig. 2 .
From the mathematical viewpoint, the boundary contour in the form of rectangle, presented on fig. 2 , could be reduced and further considered as a line with length (L), because the height of a material (h) is small enough and has no influence on the values (x m ), (q m ), and (p wvs ).
The system of eqs. (7)- (9) with boundary conditions eqs. (10)- (12), is analytically unsolvable. For that reason numerical analysis was chosen as the method for solving the presented system of equations.
Problem solution
At first, the system of eqs. (7)- (9) 
After partially transformation the system of eqs. (7)- (9), has the following form: 
It should be mentioned that the boundary conditions, eqs. (10)- (12) and boundary contour ( fig. 2 ) have already been determined.
The system of eqs. (18)- (20), with boundary conditions eqs. (10)- (12) can be solved by the method of numerical analysis. The algorithm of the Euler method of simple finite differences was used. The Newton method of a tangent was applied for the additional algebraic eq. (20) .
Correct selection of the integration step (D) is most important for the process of numerical integration, since the stability of a solution to a great extent depends on it. The mean equivalent diameter of a particle (d e ), i. e. (D = d e ) has been accepted as a natural and logical solution for the integration step (D).
The algorithm of numerical integration of the system of equations starts with definition of the network, i. e. by dividing the boundary contour into equal segments according to the adopted integration step (D). The boundary contour from fig. 2 defined as an integration network is given on fig. 3 .
Derivatives of individual values replaced by finite differences were defined as: 
The Newton's iteration method of tangent was applied for solving equations (18)- (20) .
The iterative formula (23) should be used until two consecutive iterations fall within the set accuracy limits.
In order to apply the previously defined algorithm on eq. (20), it is necessary to perform its partial transformation. Therefore, auxiliary values were introduced, as follows: 
The iterative procedure should be applied until the difference between previous and current iterations is less than (10 -9 ). Now, it is possible to define the complete algorithm for numerical solution of the system of eqs. (18)- (20), with boundary conditions eqs. (10)- (12) and the boundary contour given on fig. 2 .
The following algorithm was used. At the beginning of the co-ordinate system (i = 0, see fig. 3 ) the values of (x m ), (q m ), and (p wvs ) were defined by boundary conditions eqs. (10)- (12) 
The other values of (x m ), (q m ), and (p wvs ), for i = 1 to n were calculated as follows: (1) By substituting expressions (21) and (22) 
The following value was taken as the starting value of the iterative procedure (K = 0):
The iterative procedure should be applied until the difference between previous and subsequent iterations is less than 10 -9 .
Results and discussion
The drying process of small potato layers was modeled using the previously presented algorithm. The basic concept was taken from [19] . The dimension of potato pieces was d e = 6 mm, the belt conveyor length was L = 1.8 m, while the height of the product layer on the belt conveyor was h = 10 mm. The size of one potato piece (D = d e ) was chosen for the step of numeric integration, thus the integration net at the boundary contour contains 300 steps. The value of initial humidity and temperature for moist potato pieces were: x m0 = 4.882 kg w /kg dm , q m0 = 20°C.
The drying schedule which included most common values for humidity of drying agent (x a ) and temperature of drying agent (q a ) was adopted in accordance with [12, 19, 20] . The humidity of the drying agent with four different temperatures was used between 0.05 and 0.08, which is presented in tab. the very hot and wet drying agent and the cold drying material. On the one hand, it is unfavorable because of the increase in moisture content, while on the other hand, it has a positive effect because the water vapor from the drying agent during the condensation releases latent heat of phase change and heats the drying material. This phenomenon is short and occurs within the first few centimeters on the belt conveyor. After that the temperature of the drying material increases and it starts to lose its humidity. The increase of the humidity of the drying material surface is better explained by the presented model eqs.
(37), (38) and (46) compared to other models [10] [11] [12] which could be significant from the aspect of regulation of the drying process. It is obvious that the moisture loss is higher at the beginning of the process. The main reason is effortless transfer of moisture from the surface of the wet material to the drying agent. Later on it is connected with the transfer of moisture from the inside of the drying material which requires much more energy and time.
On figs. 8 and 9 temperature changes of the drying material (q m ) on the first segment of the belt conveyor (h = 0-1.8 m) are presented. The highest heat transfer is in the first two minutes of the drying process. Later on the temperature rises slowly and in the end of the belt conveyor, slowly comes close to the temperature of the drying agent.
Having in mind figs. 4 to 7 and results presented in tab. 2., it is obvious that the influence of humidity of the drying agent is not significant in the end of first segment of the belt conveyor (h = 0-1.8 [m]). The obtained values for the moisture content in the end of the belt conveyor is very similar for the same drying agent temperature and different drying agent humidity. It is the first phase of the drying process when the drying velocity depends mainly on the heat transfer from the drying agent to the drying material [21, 22] .
Conclusions
The presented original mathematical model described changes in thin layers of natural materials. This is significant as kinetic changes occurring during drying differ on the surface and inside the material. Here presented model treats heat and mass transfer on the surface and inside the material as one continuum, but with specific differences. It is suitable for application in auto- 
